Abstract: Variation in specific conductivity and major ions in streams must be understood to assess the effects of changes in ionic strength and salinity on stream biota. I compiled data for randomly selected sites from surveys conducted from 1985 to 2009 by the US Environmental Protection Agency (EPA masses, respectively, and have very low specific conductivities. Patterns of variation appear to be associated with 3 processes controlling total and relative concentrations of major ions in freshwaters. In many ecoregions, relative ionic concentrations reflect underlying geology, but in arid ecoregions, relative ionic concentrations show concentration by evaporation. Relative ionic concentrations in coastal ecoregions and those affected by acidic precipitation reflect the ionic content of precipitation. Verification of these factors awaits better quantification of the geological and climatic characteristics of each ecoregion.
Abstract: Variation in specific conductivity and major ions in streams must be understood to assess the effects of changes in ionic strength and salinity on stream biota. I compiled data for randomly selected sites from surveys conducted from 1985 to 2009 by the US Environmental Protection Agency (EPA). I followed EPA methods to estimate reference values for specific conductivity (60 ecoregions) and each major ion (34 ecoregions) as the 25 th percentile of values in 1 st -to 4 th -order streams in Level III ecoregions with data from ≥25 sites (85 ecoregions). The 25 th percentiles of specific conductivity were <200 μS/cm for most eastern and western montane ecoregions, except those dominated by limestone or calcareous till. Arid western ecoregions had higher specific conductivities. Ca 2+ was generally the most abundant cation followed by Mg
2+
, Na + , and K + . HCO 3 -was generally the most abundant anion followed by SO 4 2-and Cl -. Ecoregions where SO 4 2-or Cl -concentrations were greater than HCO 3 -concentration have been affected by acidic precipitation or are influenced by marine air masses, respectively, and have very low specific conductivities. Patterns of variation appear to be associated with 3 processes controlling total and relative concentrations of major ions in freshwaters. In many ecoregions, relative ionic concentrations reflect underlying geology, but in arid ecoregions, relative ionic concentrations show concentration by evaporation. Relative ionic concentrations in coastal ecoregions and those affected by acidic precipitation reflect the ionic content of precipitation. Verification of these factors awaits better quantification of the geological and climatic characteristics of each ecoregion. Key words: specific conductivity, calcium, magnesium, sodium, potassium, bicarbonate, sulfate, chloride, ecoregions, geographic variation, current reference, wadeable streams
The ionic strength, salinity, or the total concentration of ions in freshwater ecosystems, such as streams, has increased in many regions of the USA because of increasing anthropogenic sources. Anthropogenic sources include rock salt used to melt ice and snow on roads, walks, and parking areas (Jackson and Jobbágy 2005 , Kaushal et al. 2005 , Kelly et al. 2008 ; weathering of concrete infrastructure associated with suburban and urban areas (Rose 2007 , Wright et al. 2011 ; produced water and effluents from exploration and production of crude oil or natural gas (Meyer et al. 1985 , Boelter et al. 1992 , Veil et al. 2004 ) including coal-bed methane Reddy 2007, Dahm et al. 2011 ) and shale gas (Entrekin et al. 2011 , Gregory et al. 2011 ; runoff and effluents from coal mining and processing (Zielinski et al. 2001 , Kennedy et al. 2003 , Kimmel and Argent 2010 , particularly mountaintop mines and valley fills (Pond et al. 2008 , Griffith et al. 2012 ; agricultural irrigation return waters (El-Ashry et al. 1985 , Duncan et al. 2008 ; and effluent from wastewater treatment plants (Andersen et al. 2004) or industrial processes (Echols et al. 2009 ). In a few cases, natural sources may include inputs of saline water from deep groundwater (i.e., upper Rio Grande basin; Phillips et al. 2003) or saline springs (i.e., Delores River, tributary to the Colorado River; Blackman et al. 1973 , Chafin 2003 . The natural range and variation of these ion concentrations in the absence of anthropogenic sources, particularly in wadeable streams, must be understood before we can fully understand the effects of these elevated ion concentrations on steam biota and ecosystems. Gibbs (1970) and others have described 3 general processes, or axes, that control the total and relative concentrations of major ions in surface waters: 1) the evaporation-crystallization or precipitation process (i.e., increasing ratio of evaporation to precipitation [e.g., rainfall] with differential loss [e.g., mineral precipitation, degassing] of ions), 2) rock dominance (the mineral composition of the geological strata), and 3) atmospheric precipitation dominance (the ionic content of the original precipitation) (Feth 1971 , Gibbs 1971 , Stallard and Edmond 1981 , 1983 , 1987 , Kilham 1990 ). These 3 processes are not independent and interact to produce the natural levels of specific conductivity and concentrations of the individual ions in fresh waters. Concentrations of ions in precipitation are generally low and depend on the sources of aerosols, dusts, and other materials in the atmosphere (Gorham 1958 (Gorham , 1961 . Contact to soils and rock increases ion concentrations as a result of weathering unless the geology is resistant to chemical weathering. Evaporation can concentrate these ions, but some ions may be lost by mineral precipitation or degassing. No investigator has sought to characterize systematically the natural range and variation of ions, measured as total dissolved solids, salinity, or specific conductivity in surface waters of streams in different regions of the conterminous USA. Moreover, no investigator has examined the relative natural concentrations of the major constituent ions in these waters, including the cations: Ca . Specific conductivity is a simple way to measure total ion concentrations in fresh waters (Pawlowicz 2008) , but the concentration of individual ions and the relative concentrations of constituent ions may be more important for understanding the adverse effects of elevated ion concentrations on aquatic assemblages (Mount et al. 1997 , Tietge et al. 1997 ). The mechanisms described by Gibbs (1971) can lead to differing relative natural concentrations of constituent ions, whereas anthropogenic sources contribute differing ion mixtures to fresh waters (Andersen et al. 2004 , Jackson and Reddy 2007 , Duncan et al. 2008 , Kelly et al. 2008 , Echols et al. 2009 , Entrekin et al. 2011 , Wright et al. 2011 , Griffith et al. 2012 .
Many environmental factors, such as flow, nutrients, ion concentrations, bedded or suspended sediments, dissolved O 2 , light, and heat, are natural parts of the physicochemical regimes that are fundamental to aquatic ecosystems (Petts 2000 , Poole et al. 2004 . Each factor has a natural range that is characteristic of particular streams but varies among regions because of differences in geology, climate, and other large-scale factors (Omernik 1995, Naiman and Anderson 1997) . Estimates of reference values provide a baseline for assessing human alteration of ion concentrations relative to the regime to which native flora and fauna are adapted. The fauna are likely to be sensitive to this alteration and not to the natural conditions they typically encounter. Fresh waters are generally hypoosmotic, and organisms inhabiting them are exposed to similar osmo-and iono-regulatory challenges (Perry et al. 2003 , Evans 2008 . Fish, unionid mussels, crayfish, and aquatic insects are hyperregulators that maintain greater internal ion concentrations than are found in fresh waters (Dietz et al. 2000 , Bradley 2008 , Evans 2008 , Charmantier et al. 2009 ). They maintain ion balance by excreting dilute waste fluids via their renal systems, and maintain salt concentrations with various ion-transporting proteins in epithelial membranes, such as the gills, that allow active transport of ions against concentration gradients (Evans 1980 , Burton 1983 , Perry et al. 2003 . Increased concentrations of different major ions may cause osmotic, ionic, or acid-base imbalances that can eliminate sensitive species from biotic assemblages (USEPA 2011a). Therefore, water-quality benchmarks or criteria are derived for the altered, nonbackground state (USEPA 2011a), and assessment of natural variation of environmental factors among regions and adjustment of benchmarks or criteria for any regional variation is appropriate (USEPA 2000, Smith et al. 2003, Paul and MacDonald 2006) .
My goal was to answer the questions: 1) How do current reference specific conductivities and concentrations of major ions in streams vary among Level III ecoregions (Omernik 1987 , 1995 , USEPA 2011b in the USA? 2) How do the relative concentrations of the major cations and anions vary among ecoregions? I hypothesized that if the 25 th percentiles (used to describe reference conditions for criteria development) for specific conductivity and concentrations of major ions describe current reference conditions in streams within ecoregions, their patterns of variation should be consistent with the 3 processes described by Gibbs (1970) .
METHODS
I approached these questions and estimated reference specific conductivity and concentrations of individual ions by compiling water-chemistry data from stream surveys in which selected sites were sampled randomly (Herlihy et al. 2000) by the EPA and cooperating agencies since 1985 (Table 1, Fig. 1 ). In the National Acid Precipitation Assessment Program (NAPAP) surveys, streams were sampled in selected nascent ecoregions (Omernik 1987) , mostly in the eastern USA; in the Environmental Monitoring and Assessment Program (EMAP) and regional EMAP surveys, streams were sampled in selected states, ecoregions, groups of conterminous ecoregions, or river basins in different parts of the USA; and in the National Wadeable Streams Assessment (NWSA) and the National Rivers and Streams Assessment (NRSA) surveys, streams were sampled across the USA.
With the exception of the NRSA and some later EMAP surveys, these surveys were focused primarily on wadeable streams, and my analysis was limited to these streams, defined here as 1 st -to 4 th -order streams (Strahler 1957) as identified in the National Hydrography Dataset (USEPA 2005) . Most sites were only visited once, but some sites were revisited either within 1 y or in consecutive years to assess between-visit variability. I used data from the 1 st visit to a site.
I used Level III ecoregions (Omernik 1987 , 1995 , USEPA 2011b to classify sites into groups with similar geology and climate, which are 2 of the mechanisms discussed by Gibbs (1970) . Level III ecoregions, as defined by Omernik (1987 Omernik ( , 1995 , are generally similar to the classic physiographic provinces used by geologists to classify regions with similar geology and geomorphology (Fenneman 1928 ) but also are related to variations in climate (Carr et al. 2000) . I used the hierarchical 6-digit code for the Level III ecoregions (e.g., 08.01.03) published by Wilken et al. (2011) because this approach enabled me to group Level III ecoregions at hierarchical Level II. I referenced the commonly used 2-digit codes in Table S1 . I included an ecoregion in the analyses if data were available from ≥25 sites in the ecoregion. Individual ions were not analyzed in some surveys, particularly regional EMAP studies. Dissolved inorganic C (DIC) was not measured in the NRSA, in which only acid-neutralizing capacity was measured. Therefore, data for individual ions, particularly HCO 3 − , were not available for all sites. I ana- . Sufficient data indicates those ecoregions with data from ≥25 sites that were used to characterize specific conductivity and all the ions, Conductivity indicates those ecoregions with data from ≥25 sites at least for specific conductivity and often a subset of ions that was used to characterize those variables, and Insufficient data indicates those ecoregions with data from <25 sites that could not be used for analysis of either specific conductivity or ions. (Pan et al. 1996 , McCormick et al. 2000 , Zheng et al. 2008 , so I further subdivided the ecoregion into 2 subregions-the Limestone and Shale Valleys and the Ridges-to investigate the effect of this heterogeneity on specific conductivity and ion concentrations. I assigned level IV subdivisions of the Ridge and Valley to these 2 subregions based on descriptions by Woods et al. (1999 Woods et al. ( , 2007 .
In most of the surveys, samples were collected at baseflow during a spring (April) to summer (September) index period. Over the entire data set, 10, 10, 12, 22, 23, and 12% of sites were sampled during April, May, June, July, August, and September, respectively. Fewer sites were sampled in March (7%), October (4%), November (0.4%), and December (<0.1%). Preliminary analyses of data from the Central Appalachians (08.04.02) and Western Allegheny Plateau (08.04.03) in West Virginia showed seasonal variation in specific conductivity with higher levels during the April-to-September index period (USEPA 2011a). Therefore, sampling captured these higher levels of specific conductivity and individual ions.
Measured water-chemistry variables included specific conductivity (μS/cm) and the individual concentrations (μeq/L) of 4 major cations (Ca . Collection and chemical analysis of water samples in these studies followed EPA procedural and quality-control protocols (Drousé et al. 1986 , USEPA 1987 , Lazorchak et al. 1998 , USEPA 2004a , b, c, 2009a , b, 2010 . Water samples generally were collected at midchannel at the lowermost transect of the sampling reach, placed in 4-L cubitainers, and stored on ice for transport to the laboratory. Water samples for analysis of pH and DIC were collected without contact with the atmosphere in 60-mL syringes with Luer-Lok ® valves to minimize CO 2 exchange. The water samples for ions were filtered, and samples for cations were acidified with nitric acid (H 2 NO 3 ) until analysis. The water samples for pH and DIC were not filtered. In the laboratory, Cl − and SO 4 2− were analyzed with ion chromatography, and the cations were analyzed with atomic absorption spectroscopy. pH was measured with a calibrated pH meter with a glass electrode, and DIC was measured with a C analyzer equipped with a high sensitivity loop. Specific conductivity was measured with a calibrated conductivity meter, which standardized the measurement to 25°C or, in the case of 1 regional EMAP study of the Southern Rockies ecoregion (06.02.14), was calculated from the measurements of ion concentrations (USEPA 1987) . HCO 3 − was calculated from the measurements of pH and DIC. In most studies, specific conductivity also was calculated from measurements of ion concentrations and compared to the meter specific conductivity measurements as part of quality assurance (USEPA 1987) . No data presented an analytical problem that could not be corrected.
EPA (USEPA 2000) guidance has suggested 2 approaches to estimating reference concentrations from survey data. These studies produced probability-based data sets but reference sites frequently were not identified. Therefore, I estimated the upper limit of current reference-site specific conductivity and the concentrations of individual ions as the 25 th percentile following EPA (USEPA 2000) guidance. However, I also plotted the maximum, 75 th percentile, median, and minimum values for specific conductivity and have presented these data and the mean for specific conductivity, pH, and the individual ions in Table S1 .
I calculated Pearson correlations between the 25 th percentiles for specific conductivity and the individual ions for each ecoregion with sufficient data to assess the relationships among the different ions. I also plotted the 25 th percentile for specific conductivity against the percentile ratio of Na + to (Na + + Ca
2+
) for each ecoregion with sufficient data to compare them to the original model by Gibbs (1970) . This model describes variation in total dissolved ions and dominance by Ca 2+ and HCO 3 − vs Na + and Cl − in relation to 3 processes affecting the ionic composition of fresh waters: evaporation-crystallization, rock composition, and atmospheric precipitation composition. I used principal components analysis (PCA) of the log 10 (x)-transformed 25 th -percentile concentrations of the individual ions for each ecoregion followed by cluster analysis of the ecoregion scores on the first 3 principal component axes to assess the similarities among sites. I used SAS ® (SAS Institute, Cary, North Carolina) to manage the data and the UNIVARIATE, CORR, PRINCOMP, and FASTCLUS procedures for the analyses. The figures were made following the linked micromaps concept of Carr et al. (2000) in which geographically referenced data are presented by combining graphs that display measures of variation with maps (Symanzik and Carr 2008, Carr and Pickle 2010) .
RESULTS

Specific conductivity
Specific conductivities ranged from 1.6 to 12,290 μS/cm (median = 132.7 μS/cm, mean = 312.4 μS/cm). Specificconductivity data were available from ≥25 sites in 60 of 85 Level III ecoregions (Fig. 1) . Sufficient data were lacking for all of the warm desert ecoregions in the southwestern USA (Omernik 1995) . Among those ecoregions, the 25 th percentile for specific conductivity ranged from 16.2 to 563 μS/cm.
For most ecoregions in the eastern USA, the 25 th percentiles of specific conductivity were <200 μS/cm, and often the median and 75 th percentiles were less than this level (Fig. 2) . This level was used by the EPA to characterize ecoregions with low specific conductivity and its constituent ions (USEPA 2011a In the western USA, 25 th percentiles of specific conductivity were <200 μS/cm for most montane ecoregions, such as those in the Rockies, the Pacific Northwest, and Fig. 3 ). However, for most of the prairie ecoregions and some of the Great Basin or Cold Desert (10.01) ecoregions, the 25 th percentiles of specific conductivity were >200 μS/cm. For the ecoregions composing the more eastern Temperate Prairies (09.02, n = 3), the 25 th percentiles ranged from 309 to 563 μS/cm, whereas those for the ecoregions composing the West-Central Semiarid Prairies (09.03, n = 3) ranged from 160 to 490 μS/cm, and the South-Central Semiarid Prairies (09.04, n = 4) ranged from 291 to 594 μS/cm. The 25 th percentiles in the Cold Desert (10.01, n = 5) ecoregions ranged from 98.4 to 405 μS/cm. The Mediterranean California (11.01, n = 3) ecoregions also had 25 th percentiles that ranged from 90.3 to 249 μS/cm. I lacked sufficient data to characterize the 25 th percentiles of conductivities and ion concentra- tions in streams in the Warm Desert (10.02) ecoregions, but the 8 observations in the data set from these 3 ecoregions ranged from 279 to 12,290 (median = 2622) μS/cm. Within the Ridge and Valley (08.04.01) ecoregion, the 25 th percentile for specific conductivity at sites in the Limestone and Shale Valleys was generally greater than that in the Ridges (Fig. 4A) .
Concentrations of individual ions
Concentrations of individual cations ranged from 1.9 to 25,694 μeq/L for Ca . I had sufficient data for all ions from 34 of 85 ecoregions, and sufficient data for a subset of ions from 24 more ecoregions (Fig. 1) .
Among (Fig. 4B) .
The , and Cl − ranged from 0.9 to 4010 μeq/L, 4.1 to 1487 μeq/L, and 5.1 to 441 μeq/L, respectively. The correlation between HCO 3 − and SO 4 2− was moderate (Table 2) , whereas the correlations between these 2 anions and Cl − were weaker ( Table 2 ). The correlations of the 25 th percentiles for SO 4 2− and HCO 3 − with specific conductivity were relatively strong, but the correlation between Cl − and specific conductivity was weaker ( Table 2 ). The correlations between HCO 3− or SO 4 2− and the 4 cations were moderate to strong, whereas the correlations between Cl − and the 4 cations were weaker ( th percentile of specific conductivity for each ecoregion (similar to the method used by Gibbs 1970), several ecoregions with high specific conductivities plotted on the upper part of the graph (Fig. 6) , and some ecore- gions where Cl − was greater than HCO 3 − plotted on the lower right part of the graph. However, most sites plotted toward the left center of the graph.
I did not include HCO 3 − in the PCA because the 25 th percentiles for HCO 3 − were strongly correlated with those of Ca 2+ and Mg 2+ (Table 2 ). This decision allowed me to include more ecoregions in the analysis. Axes 1, 2, and 3 explained 75, 10, and 7% of the variance in the ionic concentrations, respectively (Table 3 ). All 6 ions were positively correlated with Axis 1 (Table 3 , Fig. 7 ), whereas Cl − was positively and Ca 2+ and Mg 2+ were inversely correlated with Axis 2. Table S2 for the Level III ecoregions in each group.
I identified 7 groups of ecoregions in the cluster analysis (Fig. 7, Table S3 ). Cluster A included many of the eastern montane ecoregions, including the Appalachians and the Ozark-Ouachita Highlands, whereas cluster D, which overlapped cluster A along the first 2 axes, included several southeastern lowland ecoregions. Cluster B included a number of Great Plains ecoregions and some more eastern ecoregions influenced by either calcareous bedrock or tills. Cluster G included 7 western montane ecoregions, whereas cluster E included some western montane and Great Basin ecoregions, along with the Willamette (07.01.09) and Central California (11.01.02) 
DISCUSSION
Specific conductivity and the concentrations of major ions characteristic of the natural factors originally described by Gibbs (1970) varied in wadeable streams among ecoregions. Such variation must be considered when setting water-quality expectations during stream assessments or when considering management options. Estimates of current reference conditions also are a baseline for future assessment of stream impairments associated with salinity from anthropogenic sources. The observations by Gibbs (1970) were made in larger rivers. However, within the morelimited range of conditions in wadeable streams and ecoregions sampled during the surveys, I also observed examples that exhibited ionic concentrations and compositions characteristic of rock dominance, evaporation-crystallization, and atmospheric precipitation dominance.
Most ecoregions (75%) appeared to be primarily rock dominant, and the ion signature of the streams was dominated by Ca 2+ , Mg 2+ , and HCO 3 − (Gibbs 1970, Stallard and Edmond 1987) . In the eastern USA, specific conductivity is generally <200 μS/cm because precipitation is moderate (average annual precipitation = 100-250 cm), but some ecoregions with greater conductivities are generally characterized either by limestone karst (e. Smeck and Wilding 1980, Szabo 2006) .
The greater conductivities in ecoregions characterized by limestone karst prompted me to investigate whether specific conductivities in streams in the valleys of the Ridge and Valley (08.04.01) ecoregion, which are also characterized by areas of limestone karst, were greater than those of streams on the ridges. They were (Fig. 4) , but the 25 th percentile of specific conductivity for the limestone and shale valleys was not >200 μS/cm. Moreover, the greater conductivities were associated with greater concentrations of Ca Other investigators have recognized the effects of this heterogeneity in geology (Pan et al. 1996 , McCormick et al. 2000 , Zheng et al. 2008 , and these differences are clearly related to the differences in the li- thology. Therefore, geological heterogeneity within other ecoregions may affect variation of ambient specific conductivity and concentrations of individual ions. However, the small size and geomorphologic relationship between these Level IV ecoregions are such that many stream sites in the valleys have their headwaters on the ridges, and this relationship may limit variation in specific conductivity and ion concentrations. Level III ecoregions are generally much larger than level IV ecoregions, and I limited the analyses to wadeable streams (1 st -to 4 th -order). Thus, effects associated with stream sites with at least part of their headwaters in a different ecoregion appear to be uncommon.
In the western USA, particularly outside the montane ecoregions of the Rockies and the Pacific Northwest, where the climate is semiarid, the 25 th percentiles of specific conductivity were often >200 μS/cm and ranged up to 563 μS/cm. Yet, the anions were still dominated by HCO 3 ) ratio (Fig. 6) , results suggesting that these increased ion concentrations reflected concentration of the ions by the evaporation-crystallization process (Gibbs 1970) .
The eastern ecoregions, where specific conductivities were very low and either SO 4 2− or Cl − were greater than HCO 3 − , are characteristic of dominance by atmospheric precipitation. The North Central Appalachians (05.03.03) and Central Appalachians (08.04.02) both have been affected by acidic precipitation , which is a source of SO 4 2− . However, both ecoregions also have histories of coal mining (Herlihy et al. 1990) , and coal-mine drainage is a source of SO 4 2− . The Atlantic Coastal Pine Barrens (08.05.04) receives precipitation both from continental air masses, which are a source of SO 4 2− as in the 2 Appalachian ecoregions, and marine air masses, which are the source of Na + and Cl Similar to the Atlantic Coastal Pine Barrens (08.05.04), the Southern Coastal Plain (08.05.03), Southeastern Plains (08.05.03), and Northeastern Coastal Zone (08.01.07) are influenced by marine air masses (Beck et al. 1974 , Richter et al. 1983 , Mattson et al. 1992 , as is the Coast Range (07.01.08) in the Pacific Northwest (Wigington et al. 1998) . Moreover, many of these marine-influenced ecoregions plot in the lower right part of the graph of specific conduc- Figure 6 . Plot of specific conductivity vs the ratio of Na + ∶ (Na + + Ca 2+ ) (25 th percentiles) for each Level III ecoregion with sufficient data. Ecoregions that plot to the upper right (sites with characteristics of the evaporation-crystallization process) or lower right (sites with characteristics of atmospheric precipitation dominance) of the plot are labeled. The dashed lines approximate the outline surrounding the plotted surface waters in fig. 1 by Gibbs (1970) . See Figs 2, 3 for abbreviations. ) ratio (Fig. 6 ), supporting the model by Gibbs (1970) because specific conductivities are low, whereas relative concentrations of Na + are greater. Over all the ecoregions, the 25 th percentiles for specific conductivity were most strongly correlated with those of HCO 3 − and Ca
2+
, which were generally the most common anion and cation, respectively. The correlations of 25 th percentiles of the other ions with that of specific conductivity decreased in relation to their general abundance ( Table 2 ). All of these ions contribute to specific conductivity (Pawlowicz 2008) , so this decrease is not necessarily surprising. (Gibbs 1970 ).
The PCA, followed by cluster analysis, identified many of these patterns. The ions were all positively correlated with the PCA axis 1, whereas the additional axes separated differences among the ions. Ecoregions that are often grouped together in higher-level classifications, such as those in the Appalachian and Ozark/Ouachita Mountains, the Rocky Mountains, the Great Plains, and Great Basin, were generally grouped by the cluster analysis, but differences exist that are not necessarily explained by geography.
Tests of hypotheses about the variation in specific conductivity and ions among ecoregions require further quantification of climate, geology, and precipitation chemistry for each ecoregion. Such data are not currently available for the entire conterminous USA, but geographic information system (GIS) modeling approaches do exist that could be used to estimate the ratio of evaporation to precipitation at the ecoregion scale (Vörösmarty et al. 1989 ) and variation in rock chemical and physical properties across map units (Smart et al. 2001 ). Olson and Hawkins (2012) used GIS modeling of rock chemical and physical properties to predict natural baseflow stream water chemistry in the western USA. This pathway warrants further investigation.
The EPA (USEPA 2000) suggested using either the 25 th percentile of randomly selected samples or the 75 th percentile of identified reference sites as an estimate of reference values. I chose the 1 st approach to make maximum use of the data compiled from the various EPA surveys, which in some cases, did not identify reference sites. Much Table S3 for lists of ecoregions in each cluster.
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March 2014 | 11 discussion exists in the literature as to whether estimates like mine are true estimates of background or at least current reference conditions (Stoddard et al. 2006 , Hawkins et al. 2010 ), but much of this discussion has focused on setting expectations for assessments when biotic assemblages are used to assess biotic integrity. Reference sites should "be stream sites at which biota are exposed to the lowest level of anthropogenic stressors" (Whittier et al. 2007, p. 370) . However, professional judgment or the use of objective criteria can be biased. In an analysis of a survey data set from the Western EMAP pilot study, Whittier et al. (2007) found that ∼35% of their handpicked reference sites, selected using primarily GIS and other mapped data, could be classified as in least-disturbed condition (75% of reference sites are generally expected to be representative of least-disturbed conditions) compared with 20% for their probability sites (25% of probability sites are generally expected to be in least-disturbed condition). In an analysis of the WSA data, Paulsen et al. (2008) established a condition class as being good based on the 25 th percentile of the reference-site distribution of a Multimetric Index of Macroinvertebrate Integrity. This criterion means that 75% of the reference sites were assumed to be representative of least-disturbed conditions. When this threshold was applied to all randomly selected sites sampled nationally, 28% of the stream kilometers were classified as being in good condition, and 18 to 45% of the stream kilometers were classified as being in good condition in the 3 subregions used in their assessment. In many regions, minimally disturbed sites may not exist because of extensive anthropogenic disturbances (Whittier et al. 2007) , and the 25 th percentile would overestimate undisturbed conditions. Several investigators have used national survey data for nutrients to compare these approaches Sifneos 2008, Dodds et al. 2009 ). In an analysis of WSA data (Herlihy and Sifneos 2008) , the 25 th percentile of population data was lower for both total P (TP) and total N (TN) than the 75 th percentile of reference sites for all national nutrient ecoregions with sufficient probability and reference sites for analysis. In an analysis of national nutrient ecoregions, Dodds et al. (2009) found that 53 to 96% of a probability sample of rivers had higher TP and 69 to 100% had higher TN than the median ecoregionspecific nutrient reference values. However, it seems unlikely that elemental cycles of the major ions have been altered to the extent to which P and N cycles have been altered. Identifying sites that truly represent natural background conditions is prohibitively difficult, so the 25 th percentile probably does provide a reasonable estimate of current reference conditions.
The eastern ecoregions that have low specific conductivity, low total ion concentrations, and dominance by SO 4 2− have been affected by acidic deposition . Since 1995, amendments to the Clean Air Act have reduced atmospheric deposition of acidity and SO 4 2-, with resultant increases in stream pH and decreases in SO 4 2-in most of these ecoregions, except the Blue Ridge (08.04.04), where accumulated SO 4 2-appears to be leaching more slowly from soils (Skjelkvåle et al. 2005, Chen and Lin 2009) . In these same ecoregions, longer-term effects of acidic deposition may include decreased stream concentrations of some ions, like Ca 2+ , because of depletion of exchangeable ions in soils (Jeziorski et al. 2008) . Moreover, Likens et al. (1970) and others have shown that land disturbances, such as forest cutting, agriculture, and urbanization, may increase mineralization and export of many ions from catchments (Smart et al. 1985 , Morgan and Good 1988 , Webster et al. 1992 , Zampella 1994 , Johnson et al. 1997 , Herlihy et al. 1998 ), and Carpenter et al. (2011 describe such landuse change as a pervasive driver of ongoing ecosystem change. Increases in evapotranspiration rates, one of the factors described by Gibbs (1970) that can increase ion concentrations, are occurring as part of climate change (Carpenter et al. 2011 ). All of these changes have occurred during the 25-y period during which these surveys were conducted (i.e., 1985-2009 ) and beyond (Drummond and Loveland 2010, Sleeter et al. 2012) . However, many ecoregions were not sampled in all surveys, particularly in the earliest survey, NAPAP, in 1985 NAPAP, in -1986 (Fig. 1) .
Based on the definitions proposed by Stoddard et al. (2006) , my estimates should be described as "best attainable." They provide a reasonable estimate of current reference levels in these ecoregions in light of increasing anthropogenic sources of salinity to streams and other freshwater ecosystems. However, these estimates are not benchmarks or criteria, which are generally based on adverse effects to biota and would be greater than my estimates of best attainable conditions (USEPA 2011a).
Conclusions
The 25 th percentiles of specific conductivity were <200 μS/cm for most ecoregions in the eastern USA and in montane ecoregions in the western USA. Exceptions were some ecoregions dominated by limestone karst or calcareous till. Greater 25 th percentiles of conductivity (e.g., 98.4-563 μS/cm) were observed in arid ecoregions of the Great Plains, Great Basins and Ranges, and Mediterranean California. For most ecoregions, Ca 2+ > Mg 2+ > Na + , and HCO 3 − > SO 4 2− > Cl − . Ecoregions with greater SO 4 2− are affected by acidic precipitation and coal mining, whereas those with greater Cl − are influenced by marine air masses, and streams in these ecoregions have very low specific conductivities.
The patterns of variation appear to be associated with the 3 general processes controlling total and relative concentrations of major ions in freshwaters described by Gibbs (1970) . However, better quantification of these re-lationships will require better quantification of the characteristics of ecoregions relative to these processes. For the 60 Level III ecoregions with sufficient data, the supplementary material (Table S1 ) provides current reference levels for specific conductivity, and for many of these ecoregions, current reference levels for individual ions. Moreover, I continue to seek additional data from randomly selected sites to characterize the ecoregions for which insufficient data currently exist. In a monitoring and assessment context, the levels are valuable because they estimate the baseline conditions in streams to which the native flora and fauna are adapted. These levels are generally lower than benchmarks or criteria, which are based on adverse effects to biota.
